The Mott relation between the electrical and thermoelectric transport coefficients normally holds for phenomena involving scattering. However, the anomalous Hall effect (AHE) in ferromagnets may arise from intrinsic spin-orbit interaction. In this work, we have simultaneously measured AHE and the anomalous Nernst effect (ANE) in Ga 1-x Mn x As ferromagnetic semiconductor films, and observed an exceptionally large ANE at zero magnetic field. We further show that AHE and ANE share a common origin and demonstrate the validity of the Mott relation for the anomalous transport phenomena.
3 the intrinsic spin-orbit interaction. An experimental attempt to test the power-law scaling in Ga 1-x Mn x As was made by Edmonds et al., 11 but the range in xx ρ was very limited. In a more recent study by Chun et al., 12 xx ρ spans over a greater range by varying Mn concentration similar to an earlier study in CuCr 2 Sr 4-x Br x 13 , and n =2 was found in the metallic regime.
Because the side-jump was believed to play a negligibly small role in DMS, they concluded that the intrinsic mechanism prevails in the metallic regime. 12 The anomalous Nernst effect (ANE) is the thermoelectric counterpart of AHE. In general, the Seebeck coefficient S is related to the energy (E) derivative of the electrical conductivity σ at the Fermi level, through the well-known Mott's relation, i.e. . Along with the Onsager reciprocal relations, the Mott relation is another general relation linking different transport coefficients. 14 In the presence of a magnetic field, the Mott relation also holds for the off-diagonal elements of the transport coefficient tensors. 15 Lee et al. applied the Mott relation to spinel 16 in the case of dissipation-less transport (n =2). It was not entirely clear whether the Mott relation is applicable to the dissipation-less AHE especially the intrinsic AHE, until a theoretical proof was given recently by Xiao et al. 17 Experimentally, ANE study in DMS has not yet been reported and, moreover, the Mott relation has not been firmly established in any ferromagnet. It is the objective of this work to show the scattering independent nature of both AHE and ANE in Ga 1-x Mn x As, and furthermore to validate the Mott relation for the anomalous Hall and Nernst effects.
In most experimental studies, 11, 13, 18 power-law can be tested using transport coefficients all measured precisely at B =0. All four coefficients, ρ xx , ρ xy , S xx and S xy (= -S yx ) are measured as B is swept at each T. In addition, the magnetic hysteresis loops and T-dependence of M are measured using a SQUID magnetometer.
We first focus on the resistivity. As shown in The robust perpendicular anisotropy allows us to take the zero-field value of S yx for further analysis. Both zero-field S xx and S yx are shown in Fig. 3 as functions of T. S xx is always positive as expected for p-type semiconductors. Note that in all three annealed samples, a high peak emerges at low temperatures. Similar annealing effect on S xx was also observed in other in-plane anisotropy GaMnAs samples. S yx is zero above T c , consistent with the fact that ANE is proportional to the spontaneous magnetization. Unlike AHE that remains finite as T 0, ANE goes to zero as the entropy should vanish at T =0. Although the physical origin of the S xx peak in annealed samples remains a subject of further investigation, we attribute it to the enhanced phonon-drag resulting from the improved phonon mean-freepath in annealed samples. Regardless of the underlying mechanism, in the following, we point out that the occurrence of the peak in S xx at low T can be correlated with the sign change in S yx . 7 The Seebeck coefficient is related to other transport coefficients by
where α yx is the Nernst conductivity defined by ( )
, where J r is the electric current density and E r is the electric field. Hence, the Nernst effect can be quantitatively represented by either S yx or α yx . From S xx , S yx , σ xx and σ yx , we can determine α yx according to Eq. 1, as shown in Fig. 4 . On the other hand, if the Mott relation holds, α yx can be calculated
, where E is the energy. If we straightforwardly adopt the power-law, The pre-factor λ in the power-law has to depend on the Fermi energy of the hole gas; otherwise its energy derivative ' λ would vanish, which leads to zero α yx . If the power-law is obeyed as T is varied, it means that neither λ nor ' λ depends on T. Recall that ρ xx , ρ xy or S xx does not change sign over the entire T-range. From Eq.2 and Fig. 3a , we immediately conclude that the sign change in S yx would not be possible if n =1. Consequently, the sign change alone allows us to exclude the possibility of the skew-scattering mechanism for AHE.
As T is lowered from T c , the importance of the first-term steadily diminishes; however, in the T-window where S xx shows a peak, since S xx is always positive in our p-type samples, the second-term can take over to cause a sign change only if n>1. It is also enlightening to examine Eq. 3. We know in Fig. 4 that the measured α yx remains positive over the whole Trange; therefore, from Eq. 3, we find that n cannot be greater than two at least for the annealed samples.
To find the exponent, we treat λ λ / ' and n as two fitting parameters. By fitting Eq. 2 to S yx (Fig. 3a) or Eq. 3 to α yx (Fig. 4) for all samples, we can search for the best-fit values for n and λ λ / ' . Both fits should yield the same set of values. In fact, the solid curves in Fig. 3a and Fig. 4 are the best fits with essentially the same fitting parameters. Obviously, the fits not only capture the sign change and curvature changes in S yx , but also work very well for both S yx and α yx over the entire T -range. This unmistakably demonstrates the validity of the Mott relation for AHE and ANE. Moreover, as seen in Fig. 4 , the best-fit exponent is very close to two for all samples. It proves that AHE is scattering-independent in all GaMnAs samples. It should be emphasized that the determination of n only requires four transport coefficients from the exactly same area of the sample, which removes any possible uncertainty introduced in the M-measurements. This gives us a strong sense of confidence in the determination of the exponent, and therefore the scattering-independent nature of AHE.
In DMS, intrinsic mechanism was shown to be a dominant mechanism 6, 10, 12 , therefore, n=2 strongly favors the intrinsic mechanism in DMS. For the intrinsic AHE (n =2), the secondterm in Eq. 3 vanishes, indicating that α yx does not at all depend on S xx , or has nothing to do with scattering. In other words, α yx depends only on the electronic band structure and the magnetization of the samples, implying an intrinsic Nernst current, 
